Background and Objective:
INTRODUCTION
Plaque radiotherapy provides a local tumor control rate of up to 97% at 5 years for choroidal melanoma [1] . Despite high local tumor control and globe preservation rates, visual prognosis remains poor in patients with choroidal melanoma. In a review of 1106 uveal melanoma patients treated with Iodine-125 plaque radiotherapy, Shields et al. reported that 70% of patients will have a visual acuity of 20/200 or less within 10 year follow-up [2] .Radiation maculopathy was the main reason for decreased visual acuity. Macular edema is usually the first sign of radiation maculopathy and found in 61% of patients at 2 years following plaque radiotherapy by optical coherence tomography (OCT) [3] .Moderate and severe visual loss occurred more frequently in patients with macular edema on OCT [3, 4] .
There is no established management of radiation maculopathy and subsequent macular edema. Proposed treatments have included intravitreal steroid injection, laser photocoagulation, photodynamic therapy, and hyperbaric oxygen treatment [5 -7] . Recent studies have demonstrated that intravitreal bevacizumab injection stabilized or improved visual acuity and macular thickness in 40% to 86% of patients who developed radiation maculopathy following plaque radiotherapy [8 -10] .Promising results have also been reported with ranibizumab [11, 12] .
The research into the use of bevacizumab have utilized various treatment regimens ranging from one-time injection to multiple injections spaced every eight weeks. In these studies, not all patients respond to bevacizumab injections and there is still no clear tool that can identify patients who will respond favorably to intravitreal bevacizumab. In this study, we investigate the effects of intravitreal bevacizumab therapy on vision and macular thickness, we explore optimal dosing schedules, and we explore the use of fluorescein angiography as an indicator of future success with bevacizumab treatment.
MATERIALS AND METHODOLOGY
Following approval by the University of Michigan (UM) institutional review board, we conducted a retrospective review of all patients at UM who underwent Iodine-125 plaque radiotherapy for choroidal melanoma and, subsequently, developed radiation maculopathyfrom October 2010 through December 2014. Patients were included in the study if they had received at least one dose of intravitreal bevacizumab to treat radiation retinopathy. Patients with preexisting macular disease (e.g. age-related macular degeneration, diabetic maculopathy, macular hole and surface wrinkling retinopathy), subfoveal location of choroidal melanoma, or media opacities preventing OCT imaging were excluded from the study. All patients who have undergone plaque radiotherapy receive visual acuity testing, fundus examination, and a Heidelberg Engineering Spectralis OCT to quantify subfoveal macular thickness at each follow up examination. Fig. (1) . A case example of the effect of intravitreal bevacizumab. Eight months after this patient underwent plaque radiotherapy, radiation retinopathy had caused a decrease in vision to a level of 20/50. Fig. (1A) shows the retina on the day of the first bevacizumab injection, with diffuse macular hemorrhages and cotton wool spots. After one injection each month for three months, the vision in this eye had improved to 20/30. The examination at this time Fig. (1B) showed improvement in the number and size of cotton wool spots and a resolution of most of the macular hemorrhage. On the last day of follow up, 18 months after the initial injection and after 6 total bevacizumab injections, this patient's vision remained stable at 20/30. Fig. (1C) demonstrates near complete resolution of the clinical signs of radiation retinopathy.
Since 2010 at UM, intravitreal bevacizumab has been a first line treatment for macular edema secondary to radiation retinopathy in patients treated for choroidal melanoma. Bevacizumab is given if a patient has clinical signs on dilated fundus exam consistent with radiation maculopathy (macular edema, hard exudates, or retinal hemorrhages) and either, 1-two or more lines of vision loss on Snellen visual acuity since the last follow up, or, 2-subfovealmacular thickness more than 300 microns on OCT. Patients receive intravitreal bevacizumab injections (Genentech, San Francisco, CA) at a dose of 1.25 mg/0.05 ml. The goal of treatment is that all patients receive monthly injections for the first three months of therapy, followed by injection intervals adjusted to patient response. Following monthly doses for three months, patients are evaluated at follow up visits by best corrected Snellenvisual acuity (VA) and subfoveal macular thickness (µm) on OCT. If the visual acuity decreases more than two Snellenacuity lines or subfoveal macular thickness increased 100 microns on OCT, then intravitreal bevacizumab is repeated.
All patients were evaluated for changes in visual acuity following injections, changes to macular thickness following injections, and timing between injections. In addition, a post-hoc review of macular fluorescein angiograms (FA) was performed on the eleven patients who received this test at the time of the first bevacizumab injection. Student's T-tests were used to evaluate differences between groups with an alpha level of 0.05.Data were analyzed and graphed using the R Statistical Environment [13] .
RESULTS
A total of 31 consecutive patients underwent bevacizumab injections and were included in the study. Fifteen of the patients were female (48%) and sixteen (52%) were male. There were fifteen right eyes and sixteen left eyes. The average age of patients at the time of plaque radiotherapy was 54 years (range: 23 to 83 years). The average tumor thickness was 4.1 mm (range: 2.0 to 6.4 mm). The average, largest basal dimension was 13.4 mm (range: 8.0 to 18.0 mm). Of the 31 tumors, 13 (42%) were located superiorly, 3 (10%) was located inferiorly, 11 (35%) were located temporally, and 4 (13%) were located nasally. Ten (32%) of the tumors extended into the macula. The average time interval between the plaque radiotherapy and the first intravitreal bevacizumab injection was 25 months (range: 9 to 74 months). The average visual acuity (logMAR) on the day of first intravitreal injection was 0.7 (range: 0.1 to 2.1). Patients were followed for an average of 19 months (range: 0, 43 months) after the first intravitreal bevacizumab injection. The average visual acuity (logMAR) at last follow up was 1.3 (range: 0.1 to 3.0). The average change in visual acuity (logMAR) between the first intravitreal injection and the last follow up was 0.5 (an approximate loss of 5 lines of Snellen acuity, range: -0.8 to 2.8 logMAR). The average number of injections given to each patient was 5 (range: 1 to 12 injections). Four patients did not complete the initial series of three injections due to subsequent injection refusals by the patient or being lost to follow-up. The average subfoveal macular thickness on day of first intravitreal injection was 340 µm (range: 160 to 585 µm). During an average total follow-up of 45 months from plaque radiotherapy to last follow up (range: 8 to 109 months), two patients died of metastatic disease, one patient developed a branch retinal vein occlusion, and three patients developed radiation papillopathy. All patients who developed radiation papillopathy were switched from intravitreal bevacizumab to intravitreal triamcinolone injections. Each of these patients' visual acuity decreased dramatically after developing papillopathy.
Bevacizumab Effect on Visual Acuity
When the average visual acuities of all patients are compared before and after initiation of bevacizumab therapy, there is evidence of prolonged stabilization of visual acuity. This is demonstrated in Table 1 , which displays the average results of all visual acuities obtained after radiation, both before and after initiating bevacizumab treatment. These data show the expected loss of visual acuity after radiation treatment up to the day of the first bevacizumab treatment. The rate of vision loss increases exponentially until the day of first bevacizumab injection. After bevacizumab therapy, vision is stabilized for nine months before it begins to decline again. A demonstration of the clinical changes seen after bevacizumab injections is depicted in (Fig. 1) . This patient experienced significant vision loss down to a level of 20/50 in the affected eye due to radiation retinopathy (Fig. 1A) . After an initial series of one injection per month for three months, the retinopathy had improved and vision had risen to 20/30 (Fig. 1B) . At the most recent follow up, 18 months after the first injection and after a total of 6 injections, the retinopathy had nearly disappeared and the patient's vision remained stable at 20/30 (Fig. 1C) . To determine if the interval between bevacizumab injections could be related to loss of vision over time, we compared visual acuity results based on the time since the most recent bevacizumab injection. Fig. (2) demonstrates the change in visual acuity (logMAR) from the most recent injection versus the number of days since the last injection. Visual acuities taken within 90 days of the last bevacizumab injection are represented by white circles while black circles represent all other visual acuities. There is a significant difference between visual acuity results within 90 days from last injection (mean change in logMAR: 0.02, an approximate 1 letter decrease in vision) versus acuities recorded after 90 days since the last injection (mean change in logMAR: 0.30, an approximate 3 line decrease in vision, p=0.0003). In addition, the changes in visual acuity recorded within 90 days since the last injection were found not to be significantly different than zero (p=0.47) while the changes in visual acuity recorded more than 90 days since the last injection were significantly larger than zero (p= 0.00003). More than 18 months after 436 The macular thickness results are taken from optical coherence tomography images and are partitioned based on days prior to or following the initial treatment with intravitreal bevacizumab.
Bevacizumab Effect on Macular Thickness
Unlike visual acuities, there does not appear to be a strong relationship between intravitreal bevacizumab treatment and change in subfoveal macular thickness. Table 2 presents the average subfoveal macular thickness of all patients as a function of time since initial intravitreal bevacizumab injection. There does not appear to be a difference between preinjection thicknesses, nor a change over time after injections are initiated.
When the subfoveal macular thickness was compared to the time since the most recent intravitreal bevacizumab (Fig. 3) , there was no statistical difference between the change in subfoveal macular thicknesses within 90 days of the most recent injection (mean=2.9µm) and the change after 90 days since the most recent injection (mean=29.3µm, p=0.30).
Fluorescein Angiography May Predict Response
A post-hoc review was conducted of all fluorescein angiograms (FA) obtained in patients on the day of first bevacizumab injection. This was not standard protocol and was only completed in 11 of the 31 patients. Of these, five patients demonstrated late-phase, macular leakage on FA at the time of first bevacizumab injection while six patients had no evidence of macular leakage. The effect of bevacizumab on visual acuity for these 11 patients is detailed in ( Table 3) . Patients who demonstrated macular leakage trended towards better short term visual results after the first three scheduled monthly injections than patients who demonstrated no leakage (change in visual acuity of -0.22 logMAR in patients with macular leakage versus +0.20 logMAR in patients without macular leakage, a four-line Snellen difference between groups, p=0.07). There was a marked difference in the long-term visual results of these two groups: after 417 days of follow up, patients with macular leakage demonstrated a -0.12 logMAR improvement in acuity compared to the day of first injection (roughly one line of Snellen improvement). In contrast, after 696 days of follow up, patients without macular leakage demonstrated a 0.97 logMAR decline in acuity compared to the day of first injection (roughly 10 lines of Snellen decline). The difference was significant with p=0.03. At the most recent follow up, all patients with macular leakage had either stable or improved vision compared to the day of first injection. In contrast, all patients who did not display macular leakage had either stable or decreased vision ( Table 3) .
DISCUSSION
Radiation maculopathy is a common complication following plaque radiotherapy. In a review of 1300 patients with uveal melanoma who were treated with plaque radiotherapy, Gunduzet al. reported that non-proliferative radiation retinopathy developed in 5% of patients at 1 year and 42% at 5 years [14] . Radiation therapy causes unequivocal loss of vascular endothelial cells with relative sparing of the pericyte population. Eventually, vascular occlusion occurs with loss of all vascular cells. Occlusive vasculopathy in radiation retinopathy changes retinal oxygenation status which leads to upregulation of proangiogenic factors including vascular endothelial growth factor (VEGF). Several investigators have found elevated VEGF levels in enucleated eyes with uveal melanoma [15 -17] , with higher levels in eyes after prior radiation treatment [18] . Initial studies into the use of anti-VEGF therapies in radiation retinopathy demonstrated brief improvements in visual acuity and macular thickness after even one dose of bevacizumab. In a review of ten patients, Mason et al. noted that mean best corrected visual acuity improved from 20/100 to 20/86 at six weeks but decreased to 20/95 at four months [10] . Similarly, mean foveal thickness decreased from 482 µm to 284 µm at six weeks, but progressed to 449 µm at four months. Later, Finger and Chin reported their experience in six patients who received intravitreal bevacizumab injections (1.25 mg in 0.05 ml) every six to eight weeks [8] . After a mean follow-up of five months, they found that macular edema regressed in all cases, visual acuity improved in two cases, and visual acuity remained stable in four cases. A recent study by the same authors, Finger and Chin, demonstrates that long-term, continuous, periodic anti-VEGF treatment results in stable vision (within 2 lines of initial visual acuity) in 69% of individuals at 5 years and 38% of individuals at 8 years [19] .
Following plaque radiotherapy, visual loss is usually progressive. A review of patients treated with plaque radiotherapy in Collaborative Ocular Melanoma Study (COMS) showed that the median visual acuity of 20/32 at presentation decreased to 20/40 at the one-year follow-up, 20/50 at two-year follow-up and 20/125 at three-year followup [1] .Similarly, Shields et al. reported 3% of the patients had visual acuity of 20/200 or worse at one year, 34% at five years, and 68% at ten years. Shah et al. reported that if intravitreal bevacizumab injections are started at the first sign of radiation vasculopathy on optical coherence tomography and injections are repeated for persistent changes, 51% of patients will demonstrate 20/50 or better vision at the median follow-up of 36 months [4] .In the current study, after an average of two years since radiation treatment and documented vision decline in all patients, we observed that median visual acuity remained stable for nine months following intravitreal bevacizumab therapy. We believe that inhibition of VEGF leads to decreased edema in the macula, which prevents related compromise of macular function. However, it does not reverse the vascular and neural damage previously caused by the radiation. Fig. (3) . The change in subfoveal macular thickness, as evaluated on OCT, since the most recent intravitreal bevacizumab injection compared to the time since the last injection was performed. Subfoveal macular thickness within 90 days of the most recent injection are displayed as hollow circles while thickness more than 90 days since the last injection are portrayed as solid circles.
Intravitreal anti-VEGF therapy for age-related macular degeneration was initially described as a monthly injection. However, the cost and burden of care on the patient leads to evaluation of different approaches [20] .The Comparisons of Age-Related Macular Degeneration Treatment Trial (CATT) [21] found that as needed injections were not inferior to monthly injections for the treatment of age-related macular degeneration. The treat-and-extend approach has also be suggested in age related macular degeneration [22] .While radiation maculopathy is fundamentally different than the diseases studied in these trials, our data suggest that as-needed dosing is reasonable choice in these post-radiation patients. In the current study, after an initial monthly dose for three months, we used an as-needed protocol in order to lengthen the treatment interval. Our results suggest that vision can be stabilized even during the as-needed dosing schedule, with a special caveat that patients with radiation maculopathy benefit most from IVB injections administered every 90 days or sooner.
Changes in macular thickness detected by optical coherence tomography are often the earliest sign of radiation maculopathy and helpful in starting the early anti-VEGF therapy for the maximum benefit. In the current study, macular thickness was not a reliable tool in determining when to provide subsequent injections. In our patients, macular thickness showed variable response to anti-VEGF therapy while visual acuity appeared to stabilize after starting injections. This suggests that the visual acuity of patients with radiation maculopathy is not necessarily related to macular thickness.
In the current study, intravitreal bevacizumab therapy was effective in stabilizing visual acuity for extended periods of time in some patients. However, not all patients responded successfully to the treatment. Preliminary data suggest that fluorescein angiography can help identify patients who will benefit more from anti-VEGF therapy, specifically those with late-phase macular leakage.
CONCLUSION
Intravitreal bevacizumab injections stabilize visual acuity in patients who are actively losing vision secondary to radiation maculopathy. Patients benefited most from injections administered within three months of the prior injection. Not all patients respond to intravitreal injections. Fluorescein angiography can be used to determine if patients will respond favorably to treatment.
